Human CD] genes are a family of five nonpolymorphic genes that, although homologous to both class I and II major histocompatibility complex genes, map to chromosome 1. Only three of the antigens, CDla, -b, and -c, have been clustered with monoclonal antibodies. They are noncovalently associated with 2-microglobulin and may function as nonclassical antigen-presenting molecules. Here we analyze their expression in mouse myeloma transfectants and human thymocytes and find mRNA splicing complexity. This manifests itself as incomplete splicing, alternative splicing, utilization of cryptic splice sites, and the generation of alternative reading frames. In the case of CDIA trnsfectants, we demonstrate that the major protein product is secreted and show by amino acld sequence analysis that this is derived from an unspliced transcript. A second major CDla component appears to be retained intracellularly. The production of alternatively spliced transcripts in the thymus is not a feature of all CD] genes. Although in the case ofCDIA only the transcript encoding the cell surface CDla isoform is found, CDIC and -E produce complex intrathymic splicing patterns. The CD1C transcripts predict the expression of a secreted CDlc isoform in the human thymus, which we detect in CDIC transfectant culture supernatants. CD] gene expression is thus characterized by considerable splicing complexity, and the difflerence between the splicing patterns found in different environments suggests that this is tissue specific.
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Human CD1 antigens are a family of leukocyte cell surface glycoproteins composed of a 43-to 49-kDa heavy chain in noncovalent association with a 12-kDa f2-microglobulin light chain (1) . The three best characterized antigens, CD1a, -b, and -c, are encoded within a family which includes two additional genes, CDID and CDJE (2, 3) . Both of these are expressed as mRNA, and the product of CDJD has been recognized in intestinal epithelial cells (4) and at the surface of thymocytes (5) . Although related to major histocompatibility complex class I and II genes (3) , CD] genes are genotypically distinct from the major histocompatibility complex and map to chromosome 1 (6) . CD1 antigens are expressed at the surface of cortical thymocytes, B cells, dendritic cells, and gastrointestinal epithelial cells (1, 4) . It is likely that at least one of their functions is to present exogenous antigen to subsets of T cells expressing af3 or yO T-cell antigen receptors (7) (8) (9) (10) .
A study of CD1 gene expression in the mouse thymus has shown that although most of the individual exons are correctly spliced, only a small fraction of CD1 cDNAs are completely spliced (11) . While partially spliced transcripts may not encode functional products, splicing complexity may generate alternative CD1 isoforms, with different functions. Several genes encoding human leukocyte cell surface antigens, including HLA-A (12), HLA-DQ (13) , CD8 (14) , and CD55 (15) , produce alternatively spliced transcripts which encode secretory isoforms. The functional significance of secretory forms of classic membrane-associated molecules remains uncertain, and it has been suggested that they may lack a function (16 (19) by electroporation (20) . Transfectants were selected in Dulbecco's modified Eagle's medium supplemented with 10%6 (vol/vol) fetal bovine serum and hygromycin at 1 mg/ml. CD1a cell surface expression was analyzed with a Becton Dickinson FACScan flow cytometer and CONSORT 30 software by using monoclonal antibody (mAb) NA1/34 (diluted 1:1600) (21) and a 1:30 dilution of fluorescein isothiocyanate-conjugated sheep F(ab')2 frgment of anti-mouse IgG, as described (2) .
Amplification and Sequencing of Human CD] Genes. Oligonucleotide primers designed to amplify the segments of CDIA, -B, -C, -D, and -E cDNA located between the 3' end of the a3 exon and the 5' part of the 3' untranslated (UT) region were synthesized on an Applied Biosystems 380B automated synthesizer. Each backward primer incorporated an EcoRI restriction site, and each forward primer incorporated a BamHI restriction site, to facilitate cloning. The oligonucleotide sequences are as follows: 3565/3566 (CDIA), 5'-AGTTTACGTAATGAATTCGGCACTCAGCGAGGG-GACATCTTGCCCAGT-3' (backward) and 5'-GTCAAT-ATCTATGGATCCAACATGTGGAGGTTGCTAGGAC-CCCATTCC-3' (forward); 1666/1651 (CDIB), 5'-AGTTTA-CGTAATGAATTCGAGCAGGAGCAGCAGGGCACTCA-GCTAGGG-3' (backward) and 5'-GTCAATATCTATGGAAbbreviations: mAb, monoclonal antibody; TM, transmembrane; C, cytoplasmic; UT, untranslated. *The sequences reported in this paper have been deposited in the GenBank data base (accession nos. X79308-X79311).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Total poly(A)+ RNA was prepared from cells in culture or from fresh human thymocytes by using guanidinium thiocyanate and oligo(dT)-cellulose microcolumns (Pharmacia) and copied into cDNA. Thymocyte suspensions were prepared from pieces of thymus derived from a 3-year-old child (undergoing heart surgery for a congenital abnormality). CD] genes were amplified by PCR (22) (26) and digested with Staphylococcus aureus V8 protease. Peptides were fractionated in a Hewlett-Packard model 1090 liquid chromatograph, using an Aquapore C8 column in 0.1% trifluoroacetic acid and a gradient of 0-80% acetonitrile (27) . Amino acid sequencing was done on an Applied Biosystems 470A sequencer using automated Edman degradation (28) .
Pulse-Chase Analysis. Cells (107) were washed in methionine-free Dulbecco's modified Eagle's medium supplemented with 5% dialyzed fetal bovine serum, left at 37C for 30 min, and pulsed for 30 min at 37°C by the addition of 500 ,uCi of [35S]methionine. Cells were then pelleted, washed, and resuspended at 37°C in Dulbecco's modified Eagle's medium with 5% fetal bovine serum. At various intervals, cells were removed and suspended in lysis buffer [10 mM Tris-HCl, pH 7.5/150 mM NaCl/1% Nonidet (vol/vol) P40/5 mM EDTA/0.4 mM iodoacetamide/1 mM phenylmethanesulfonyl fluoride with leupeptin at 10 pg/ml] prior to SDS/ 12% PAGE and autoradiography.
RESULTS
Splicing Complexity Involving the CD1A TM/Cytoplasmic (C) Exon. Construct A71d-AA34-c was transfected into the mouse myeloma cell line NSO. Clone 10B3, whose CD1a surface expression was 1 order ofmagnitude greater than that of MOLT4 (29) and approximately equivalent to that of the high-CDla-expressor mutant NH17 (30) , was selected (results not shown). Total 10B3 mRNA was copied into cDNA and used as a template in a PCR with primers 3565/3566, which prime the a3 and the 3' untranslated regions of CDJA. were prominent. The four bands were purified, restriction enzyme-digested, cloned, and sequenced.
Clones derived from band 2 gave the sequence of either band 3 or band 4, indicating that band 2 is a heteroduplex derived from bands 3 and 4. Band 1 represents an unspliced transcript containing an in-frame cryptic TAG termination codon in the intron between the a3 and TM/C exons. This encodes a predicted truncated CD1a antigen in which the a3 domain is extended by 18 amino acids (Fig. 2) . Band 3 corresponds to the membrane form of CD1a (17) , and band 4 is an alternatively spliced transcript in which a cryptic splice acceptor site within the TM/C exon is utilized, resulting in a truncated TM/C exon (Fig. 2) . Since there are insufficient adjacent hydrophobic residues in the 3' region of the a3 domain to compensate for the hydrophobicity deficit, it is unlikely that this truncated isoform is expressed at the cell surface. The absence of an intact TM/C exon in both bands 1 and 4 suggests that these transcripts encode CD1a isoforms that are either intracellular and/or secreted. Proc. Nadl. Acad. Sci. USA 91 (1994) 6685 found with supernatant cultures diluted 1:24 (Fig. 3) , indicating the presence ofa considerable amount ofantigen in the supernatant. Cells grown in an oscillating bubble chamber (24) gave supernatants with inhibition titers %15-fold higher which were used to purify CD1a by NA1/34 affinity chromatography. Two bands at 47 and 12 kDa were seen after SDS/PAGE (Fig. 4) , and sequence analysis of their amino termini confirmed that they were the CD1a heavy chain (DGLKEPLSFHVTWIASFY), and murine 32-microglobulin (IQKTPQIQVYSR) light chain respectively. The amino terminus of the CD1a heavy chain is thus two amino acids shorter than originally predicted (2).
The purified protein was reduced, [14C]carboxymethylated, and digested. Peptides were resolved by HPLC and sequenced. Most of the predicted peptides were identified. Neither the carboxyl-terminal peptide predicted by the sequence of the alternatively spliced TM/C truncated transcript (band 4) nor that predicted for the classic membrane isoform was found. Both peptides contain two cysteines and thus should be the most highly labeled digestion products. However, the three peptides predicted by the sequence ofthe unspliced band 1 (MPGSGPQA, KKLRPRLE, and GQDI-VLYWGE) were found in high yields. The CD1a purified from 1OB3 supernatants is thus derived from the unspliced transcript in which the a3-TM/C intron is retained in the germline configuration.
Pulse-chase studies of clone 1OB3 demonstrated that the level of secretory CD1a synthesis far exceeded that of the other isoforms, this being consistent with the PCR kinetics (Fig. 1) . The lysate contained three heavy-chain components (Fig. 4) . Most of the radioactivity incorporated during the pulse (Fig. 5) was found in the band at 36 kDa (L) and was rapidly chased into the CD1a found in the supernatant (S). The heaviest intracellular band, at 49 kDa (H), corresponding to the membrane isoform of CD1a, reached a plateau value after 2 hr of chase and did not subsequently decay. The band at 38 kDa (M) may have included the precursor ofthe 49-kDa band. However, it included a component which remained stable over a long period, suggesting either a second membrane-associated isoform or a stable intracellular component. Indeed, examination ofthe CD1a species present in 1OB3 cell lysates (Fig. 4) ilarly gave a major band representing the membrane isoformencoding transcript but in addition gave two minor bands of slightly larger size (data not shown). CD]C and -E, however, gave complex patterns, consisting of four and five major bands, respectively (Fig. 6) .
The complex splicing pattern seen in the CDIA transfectant 10B3 was thus not seen in fresh thymocytes and was hardly detectable in the thymoma cell line MOLT-4 (data not shown). In contrast, CDJC gave a complex pattern of splicing which was found in fresh thymocytes and transfectant NR7 (2) (Fig. 6 ) and in various thymoma lines (data not shown). Sequence analysis of the four CDIC bands amplified from human thymocyte cDNA was performed after cloning into M13mpl8 (Fig. 7) . As is the case for CDJA, band 2 is a heteroduplex artifact, and band 1 is an unspliced transcript containing a premature in frame intronic TGA termination codon. In the case of CDJC, the predicted a3 domain extension of the truncated CD1c antigen consists of seven amino acids. Band 3 represents the transcript encoding the predicted membrane isoform of CD1c (32) . As is the case for CDJA, band 4 corresponds to a transcript which is lighter than that of the membrane isoform. However, in CDIC, the a3 exon splices directly to the splice acceptor site of the C/3'UT exon, excluding the whole of the TM/C exon (Fig.  7) . This introduces a change in the reading frame, with a concomitant alteration of the amino acid sequence beyond the a3 domain. The new sequence does not contain a hydrophobic segment, and thus this isoform is unlikely to be expressed at the cell surface. To see whether this predicted isoform was secreted, NR7 cell culture supernatants were tested for the presence of CD1c by inhibition of the binding of mAb M241 (33) to NR7 cells (Fig. 3) . This indicates the presence of a considerable amount of antigen in the supernatant, and a level of expression which is -209o of that seen for secretory CD1a in clone 10B3.
DISCUSSION
In this paper we present evidence which suggests that the TM/C exon of CD] genes is under alternative splicing control. In the case of CDIA and -C, we detect the presence of mRNA encoding proteins which lack a membrane attachment site because the TM domain has been either spliced out or truncated. A similar transcript has also been observed in the case of CD1E (31) . In the human thymus, CDIA mRNA is found encoding the membrane isoform. However, when the CDIA gene is expressed in a mouse myeloma environment, the splicing pattern is more complex, producing two new transcripts. One of these is unspliced and includes an in-frame premature termination codon in the intron immediately following the a3 exon. Amino-and carboxyl-terminal protein sequence analysis of CD1a material immunopurified from 10B3 tissue culture supernatants has demonstrated that the unspliced transcript is translated and encodes a secretory CD1a molecule. The point at which the precursor is cleaved to produce the amino terminus ofthe mature protein has been identified and shown to be two residues shorter than originally proposed (2) .
Far from being a minor product, the secreted material represents the bulk of the CD1a synthesized by the cell and is therefore a good source for the large-scale preparation of soluble CD1a protein, suitable for structural and functional studies. The most abundant protein in 10B3 cell lysates is what appears to be an intracellular component, also produced as the result of alternative splicing. This is encoded by a truncated transcript in which a cryptic splice acceptor site located within the TM/C exon is utilized, resulting in the elimination of most of the hydrophobic amino acids which constitute the membrane-spanning segment of the protein.
The translation product of the TM/C-truncated transcript was not found in the supernatant, even though the method used to detect the carboxyl-terminal peptide should have enabled its easy detection. It is thus unlikely that this isoform is secreted, and we favor the view that it is retained intracellularly. There are in addition other reasons to believe that the product of this transcript represents an intracellular component. First, pulse-chase experiments demonstrate the presence of a very stable band which is clearly distinct from the membrane isoform. Second, examination of immunopurified transfectant cell lysates by SDS/PAGE demonstrates that the major product corresponds to the stable band described above. Third, the band is endoglycosidase H sensitive (31) , suggesting that it has not passed through the Golgi apparatus. The nature and significance of such an intracel-lular component remain a matter of speculation. But the accumulation of an abundant nondegradable secretory protein that fails to exit from the endoplasmic reticulum is reminiscent of the accumulation of altered immunoglobulin molecules which form aggregates blocking their pathway to secretion and which subsequently accumulate as Russell bodies (34) .
The secretory and putative intracellular isoforms of CD1a were found in mouse myeloma cells which had been transfected with a partially spliced CD1a cDNA in which the poly(A) was derived from the simian virus 40 polyadenylylation signal and expression was under the control of the human cytomegalovirus promoter. We cannot thus exclude the possibility that incomplete splicing is the result of overproduction, although this would not explain the utilization of the cryptic TM/C splice acceptor site in one of the transcripts. That the construct was transfected into a cell line which does not normally express CD] suggests that the physiological expression of CD] genes is dependent on the presence or absence of environmental-specific splice-control factors.
In contrast to the simple pattern of CD1A splicing seen in the thymus, CD1C and -E give complex splicing patterns. In the case of CDJC, the pattern mimics that observed in the CDIA transfectant 1OB3. However, unlike the TM/C exontruncated transcript (band 4, Fig. 1 ) seen in 1OB3, in the corresponding CD]C transcript (band 4, Fig. 7) found both in the CDIC transfectant NR7 cells and in thymocytes, the TM/C exon is completely removed. The protein encoded by this previously unidentified transcript is very different from the corresponding TM-truncated, putative intracellular isoform of CD1a. As a result of the frameshift introduced by alternative splicing, 42 new amino acids substitute for the TM and C domains. No hydrophobic segments are apparent in this predicted isoform, making it unlikely that it represents an alternative membrane-associated component. This suggests that it is either retained as an intracellular product or secreted. Interestingly, in the thymus, the PCR band corresponding to this CD1c isoform is most prominent, suggesting that it is the major CD1c protein in the thymus. The unspliced CD)C transcript found in both transfectants and thymocytes predicts a CD1c product which closely resembles the secretory isoform of CD1a. We have demonstrated that tissue culture supernatants derived from NR7 contain significant amounts of CD1c. This indicates that one or both of the unspliced and alternatively spliced CDJC transcripts found in the thymus are translated to produce a CD1c isoform which is secreted into the local environment.
Although the alternatively spliced CDJA transcripts seen in the transfectant were not found in human thymocytes, it is possible that these and alternatively spliced transcripts of other CD] genes are expressed in cells such as dendritic cells and gastrointestinal epithelial cells, which express CD1a at the cell surface. Intracellular or secretory isoforms of CD1 molecules may in addition be expressed in tissues which lack membrane expression of CD1. The expression of specific membrane, secreted, or intracellular isoforms may define functional subsets of CD1-expressing cells or different activation and differentiation states. The function of secretory and intracellular isoforms of classic membrane-associated molecules, however, remains an enigma and a point of considerable interest.
